Abstract. Changes in phytoremediation efficiency after repeated exposures (three) to toluene (1.3 ppm) were assessed in 26 species and two additional cultivars of indoor plants. There was a rapid increase in toluene removal efficiency in 27 of the 28 crops with the greatest increase between the first and second exposure (i.e., after 3 days). The increase in efficiency between the first and third exposure ranged from 378 mgÁm -3 Áh -1 Ám -2 leaf area in Pinus densiflora to -16.6 in Salvia elegans with a mean of 156 for all crops. Percent change ranged from 614 (Pittosporum tobira) to -8 (Salvia elegans) but was not necessarily indicative of phytoremediation value of a species. Rapid changes in phytoremediation efficiency in response to exposure to toluene appear to be widespread in plants and may be the result of an effect on gene expression in the plant and/or certain soil microbes or changes in the population density of toluenemetabolizing microbes. Increasing toluene removal efficiency is advantageous and as a consequence, a better understanding of the mechanism(s) operative may improve use of the response for practical applications.
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Toluene is a common volatile organic compound (VOC) found in homes and offices that represents a serious health hazard. It is readily absorbed through the respiratory tract and to a lesser extent through the skin (EPA, 1990) . Exposure is generally by way of contaminated air (CDC, 2010) with an individual's exposure strongly dependent on the indoor concentration (Chikara et al., 2009 ). Although toluene is not considered a carcinogen, exposure to high levels is known to affect the kidneys, nervous system, liver, brain, and heart. Short-term exposure of humans (100 ppm v/v or greater) has elicited central nervous system effects such as fatigue, confusion, poor coordination, and impairment of reaction time, perception, and motor control and function (NTP, 2000) in addition to poor performance on cognitive tests and eye and upper respiratory tract irritation (ATSDR, 2000) . Health effects of lower concentrations are unknown but may result in confusion, lightheadedness, and other symptoms.
Household products from which toluene may emanate include cosmetics, rubber cement, nail polish solvent, stain removers, paint brush cleaners, fabric dyes, inks, adhesives, and cigarette smoke (ATSDR, 2000; Gordon et al., 1999) . The threshold limit value (TLV) for toluene in homes, which is typically set by the government although not so in the United States, is 0.27 ppm v/v (1000 mgÁm -3 ) in Korea (Korean Ministry of Environment, 2006), 0.07 ppm (260 mgÁm -3 ) in Japan (Japanese Ministry of Health, Labour and Welfare, 2000) , 20 ppm (time-weighted average) in the United States (ACGIH, 2008) , and 100 ppm in Australia (NOHSC, 2001) . Comparing the concentration of toluene between two cities in Korea [Asan (medium size) and Seoul (major metropolitan area)], the indoor concentrations averaged 17.3 to 170.7 mgÁm -3 , respectively (Son et al., 2003) and varied directly with the outdoor air concentration such that the indoor/outdoor ratios were approximately the same (1.12 to 1.03). In Japan, higher indoor/outdoor ratios were common (i.e., 1.7 to 2.5) and varied with date of measurement (Chikara et al., 2009) . In a nationwide survey in Korea, 40% of new apartments exceeded the upper limit for toluene and 50% exceeded that for benzene in the air (Korean Ministry of Environment, 2006) .
A relatively small number of indoor plants have been shown to effectively remove a number of airborne VOCs that contaminate the environment (Kim et al., 2010; Wolverton and Takenaka, 2010; Yang et al., 2009) . The pollutants may be metabolized by the plants but are also removed by microorganisms in the soil/media and through absorption or adsorption to the plant surface and the soil/media (Chun et al., 2010; Orwell et al., 2004; Son et al., 2000; Wolverton, 1986; Wolverton and Wolverton, 1993; Wood et al., 2002) .
There appear to be changes in the plant's phytoremediation efficiency with exposure to VOCs Orwell et al., 2004) , although the mechanism(s) controlling the response is not known. Such changes in efficiency have only been demonstrated in a small number of plant species and VOCs to date. Inoculation using cultured bacterial populations from nine indoor plant species significantly increased the removal of a crosssection of benzenes (benzene, toluene, m,pxylene, and o-xylene) (Chun et al., 2010) . Microbe populations extracted from the media of certain plant species were more effective than others (Chamaedorea elegans > Nephrolepis exaltata > Sanservieria trifasciata) in the removal of VOCs and their removal efficiency varied with the volatile in question. Therefore, VOC-mediated changes in the microbe population may be a critical factor in alterations in phytoremediation efficiency; however, changes in plant gene expression have not been assessed.
To better understand the effect of exposure to VOCs on their subsequent removal, we assessed changes in toluene removal efficiency in 26 plant species.
Materials and Methods
Plant materials. A number of popular herbs and woody and herbaceous foliage plants in Korea were obtained from a commercial market (Table 1 ). The plants were transplanted into 30-, 19-, or 15-cm-diameter pots (depending on plant size) containing a uniform growing medium comprised of Mix #4 (Sun Gro Horticulture, Bellevue, WA), bark-humus (Biocom. Co., Seoul, Korea), and sand at 5:1:1, v/v/v. Mix #4 contained Canadian sphagnum peatmoss (55% to 65% by volume), perlite, dolomitic lime, gypsum, and a wetting agent. The plants were acclimated within simulated living rooms designed to create a typical indoor environment (Kim et al., 2009 ) for greater than 1 month (23 ± 2°C, 40% ± 5% relative humidity). Light conditions were tailored to the plant type. Indoor foliage plants were acclimated at a light intensity of 20 ± 2 mmolÁm -2 Ás -1 and the herbs and woody foliage plants at 60 ± 3 mmolÁm -2 Ás -1 using fluorescent lights; the photoperiod for all species was 12/12 h (day/night). The plants were watered every 3 d with the excess water allowed to drain. All plants were watered the day before the gas treatments. Depending on pot diameter, one or two, five or six, or seven or eight pots [30, 19 , and 15 cm with media volumes of 1.6, 2.2, and 12.6 (L), respectively] were placed in a chamber such that the total media volume per chamber was approximately the same (11 to 13 L). Three replicates (chambers) of each species were tested. Control chambers without plants were used to determine toluene losses not resulting from the plants (e.g., leakage, adsorption, chemical reactions). Plant height was measured and leaf area was determined using a LI-3100 area meter (LI-COR Inc., Lincoln, NE) at the end of the experiment (Table 1) . Treatment system. The treatment system consisted of controlled environment rooms, test chambers, and a gas generator. The environment rooms in which the test chambers were placed controlled the temperature, light intensity, and relative humidity. The test chambers were made of inert materials (i.e., glass surfaces, stainless steel frame, and Teflon) that were impermeable to VOCs. Chamber doors were sealed using an adhesive closed-pore neoprene foam tape and adjustable metal clips. The volume of each chamber was 1.0 m 3 (90 cm wide · 90 cm long · 123 cm high), equal to approximately half the volume of a personal breathing zone. Using a sealed external pump, the interior air was circulated ) and released at the bottom of the chamber through a stainless steel tube (0.64 cm i.d.) with holes. The concentration of toluene was determined on samples collected at three heights within the chambers (i.e., 12, 70, and 98 cm from the bottom of the chamber).
Gas exposure and measurement. We developed a gas generator that converted VOC solutions to volatiles. The gaseous toluene was collected in a sealed Teflon bag and %1.2 L was introduced into each test chamber using a quantitative pump (MP-S; Sibata Co., Soka-City, Saitama, Japan). To compensate for the differential in air pressure, 1.2 L of air was removed from the chamber using a second air pump before gas injection. The toluene gas was mixed within the chamber for 15 min using the chamber air circulation system. The internal concentration was determined and corrected to %5000 mgÁm -3 (1.3 ppm). The concentration was determined every 3 h for 18 h during the test after being allowed to stabilize for 15 min. After the plants were exposed to gaseous toluene, they were held in fresh air in the simulated living room for 2 d until next exposure. Control chambers devoid of plants were treated similarly to determine gas losses. During the tests, the plants were exposed to the same light source and intensity used for acclimation.
Thermal desorption. A quartz cold trap [120 mm long, 2.9 mm o.d., 1.0 mm i.d. (inlet), 2.0 mm i.d. (outlet); Markes International Ltd., Llantrisant, U.K.] was connected to each chamber and an air sample collected for 5 min at 5 mLÁmin -1 . An automated thermal desorption system with an Air Server autosampler (UNITY; Markes International Ltd., U.K.) was connected to the injection port of the gas chromatography-mass spectrometer (TRACE DSQ; Thermo Electron Co., Waltham, MA). Toluene was cryofocused at 5°C for 5 min, desorbed at 280°C, and separated using a ZB-624 capillary column (30-m length · 0.25-mm i.d., 1.40-mm film thickness of 6% cyanopropylphenyl, 94% dimethylpolysiloxane; Phenomenex, Torrance, CA). The injection port temperature was 180°C with a split ratio of 29:1. Helium was used as the carrier gas at a flow rate of 1.0 mLÁmin -1 . The column temperature was held at 45°C for 1 min and increased at a rate of 15°CÁmin -1 to 100°C and held for 1 min and then increased at a rate of 5°CÁmin -1 to 135°C.
Data analysis. Gas concentrations were expressed as mgÁm -3 and the data were normalized to 24 ± 1°C and 100 kPa (Hines et al., 1993) . Data were expressed as the average of three replicates. The accumulated removal of toluene [Eq. 1] and the removal efficiency per unit leaf area [Eq. 2] were calculated as: The loss of toluene (Ci -C) not resulting from the plant and media was determined using empty chambers.
Results and Discussion
Changes in the phytoremediation efficiency with exposure to toluene were assessed in a diverse cross-section of species (Table 1) . Included were 26 species with an additional cultivar for two species for a total of 28 species/cultivars. Plant types included seven herbaceous foliage plants, 10 herbs, and 11 woody foliage plants. Exposure of the plants to toluene resulted in an increase in subsequent toluene removal efficiency (Fig. 1) . In most instances, the greatest increase in efficiency occurred between the first and second exposures with the rate of increase decreasing appreciably between the second and third exposures. The rate of removal varied among species as did the magnitude of the increase in efficiency. Removal efficiency did not increase with additional exposures to toluene (up to nine exposures) in a subset of the species tested (data not shown).
Contrasting the change in toluene removal rate (third exposure -first exposure), the actual change ranged from an increase of 378 mgÁm -3 Áh -1 Ám -2 leaf area in Pinus densiflora to a decrease of 16.6 in Salvia elegans with a mean of 156 (Table 2) . Of the 28 different species/cultivars tested, 27 were observed to increase toluene removal rate after the initial exposure; only one had a decreased removal rate after the first exposure. Expressed as the mean increase in efficiency, the mean for all test plants was 122%. The percent change was not necessarily indicative of the phytoremediation value of a species because some species with a very high percent change (e.g., Pittosporum tobira, 614%) had a very small actual change in toluene removal rate (26.4 mgÁm
Ám -2 leaf area). Likewise, the species with the highest change in toluene removal rate (Pinus densiflora, 378 mgÁm
) had a relatively low percent change (70%) from the first to the third exposure.
Comparing the increase in toluene removal efficiency based on the general plant type (Table 3) leaf area) and lowest mean change in rate (71 mgÁm -3 Áh -1 Ám -2 leaf area). Exposure to toluene results in a quite rapid (i.e., less than 3 d) increase in toluene removal efficiency after the initial exposure. The response appears to be widespread in the plant kingdom with 27 of 28 of the test species/cultivars increasing their rate of toluene removal. However, it has been demonstrated that microbes within the growing media are also involved in the removal of VOCs Orwell et al., 2004) in addition to the live plant. As a consequence, increases in efficiency may have been attributable to an effect on certain microorganism species in the media. The observed increases in efficiency could have been mediated through an effect on particular sectors of the microbe population and/or the plant itself through altered gene expression. It could also be the result of a change in the population of microbes that effectively metabolize toluene and presumably derive a benefit from its presence. The rapid rate of increase in toluene removal efficiency over 3 d is likely greater than the increase in beneficial microbe populations could account for, i.e., in some instances, up to a six times increase in efficiency. Regardless of the cause, increasing toluene removal efficiency is advantageous to the phytoremediation process in general and a better understanding of the mechanism(s) responsible for this increase may enable end-users to take full advantage of the response. 
